Membrane proteins that transport hydrophobic compounds have important roles in multi-drug resistance [1] [2] [3] and can cause a number of diseases 4, 5 , underscoring the importance of proteinmediated transport of hydrophobic compounds. Hydrophobic compounds readily partition into regular membrane lipid bilayers 6 , and their transport through an aqueous protein channel is energetically unfavourable 3 . Alternative transport models involving acquisition from the lipid bilayer by lateral diffusion have been proposed for hydrophobic substrates 3, 4, [7] [8] [9] [10] [11] [12] . So far, all transport proteins for which a lateral diffusion mechanism has been proposed function as efflux pumps. Here we present the first example of a lateral diffusion mechanism for the uptake of hydrophobic substrates by the Escherichia coli outer membrane longchain fatty acid transporter FadL. A FadL mutant in which a lateral opening in the barrel wall is constricted, but which is otherwise structurally identical to wild-type FadL, does not transport substrates. A crystal structure of FadL from Pseudomonas aeruginosa shows that the opening in the wall of the b-barrel is conserved and delineates a long, hydrophobic tunnel that could mediate substrate passage from the extracellular environment, through the polar lipopolysaccharide layer and, by means of the lateral opening in the barrel wall, into the lipid bilayer from where the substrate can diffuse into the periplasm. Because FadL homologues are found in pathogenic and biodegrading bacteria, our results have implications for combating bacterial infections and bioremediating xenobiotics in the environment.
The outer membrane of Gram-negative bacteria provides an efficient barrier for the passage of hydrophobic molecules owing to the presence of the polar lipopolysaccharide (LPS) layer on the outside of the cell. The only protein family currently known to be involved in the uptake of hydrophobic molecules is the FadL family, named after the archetypal long-chain fatty acid (LCFA) transporter FadL of E. coli 13, 14 . The crystal structures of E. coli FadL 15 revealed a monomeric 14-stranded b-barrel with an interior occluded by an amino-terminal hatch domain, and an inward-pointing kink in b-strand S3 that creates an unusual, lateral opening in the transmembrane barrel 15 . On the basis of the FadL structures, two possible LCFA transport mechanisms can be envisioned, both of which are diffusion-based because FadL-mediated transport does not require an energized membrane 16 . In the 'classical' transport model, the hatch undergoes conformational changes creating a transient channel for LCFA transport transverse to the membrane, from the extracellular medium directly to the aqueous periplasm 15 . The alternative 'lateral diffusion' transport model is based on the observation that an LCFA-mimicking LDAO detergent molecule is bound in the lateral opening of E. coli FadL (Fig. 1a, b) . In the lateral diffusion model, LCFAs exit FadL laterally through the opening in the barrel wall to move into the outer membrane, from where they could diffuse into the periplasm. To answer the question regarding which transport model is operative for FadL, we designed a number of FadL mutants focusing on the hatch domain and the lateral opening.
Two FadL mutants, DS3 kink and A77E/S100R, were designed to close specifically the barrel wall opening in different ways. In DS3 kink, four residues in strand S3 that line the lateral opening ( 100 SNYG 103 ) were replaced with three residues (AND) to bring strand S3 into register with the neighbouring strands and to destabilize the conformation of the S3 kink. In A77E/S100R, residues with long, oppositely charged side chains were introduced for residues Ala 77 and Ser 100, which are located in the barrel wall on different sides of the opening (Fig. 1c) with their side chains pointing towards each other. We anticipated that the introduced glutamic acid and arginine might form a salt bridge, closing the lateral opening. We determined the crystal structures of the DS3 kink and A77E/S100R mutants (Supplementary Table 1 ). The DS3 kink mutant, although largely identical to wild-type FadL, lacks density for several extracellular loops ( Supplementary Fig. 1 ). However, the A77E/S100R structure is identical to that of wild-type FadL (Fig. 1d, e) , with the sole exception of the lateral opening, which is much smaller in the A77E/ S100R mutant (Fig. 1c) . Thus, the introduced mutations for residues Ala 77 and Ser 100 are unlikely to affect the interior of the protein, strongly arguing against an inhibitory effect of the mutations on a possible conformational change in the hatch that would form a classical transport channel. Crucially, both the DS3 kink and A77E/ S100R mutants were completely inactive for in vivo LCFA uptake and growth on palmitate (Fig. 2) . Moreover, the low transport activity (,3%) of the S100R single mutant (Fig. 2) demonstrates that the introduction of a single long side chain is sufficient to inhibit LCFA uptake efficiently. The structural and biochemical data together demonstrate that constricting the lateral opening in the FadL barrel wall is sufficient to block LCFA uptake. Although we can not exclude the possibility that subtle changes in barrel structure and dynamics, introduced by the mutations, affect the formation of a lateral opening in other parts of the barrel, our data are most easily explained by a transport model in which LCFAs diffuse laterally from the lumen of the barrel, through the observed opening in the barrel wall, into the outer membrane.
If transport by lateral diffusion is a general feature of FadL channels, then the opening in the barrel wall should be structurally conserved. To test this notion we have determined the crystal structure (Supplementary Table 2 ) of a FadL homologue from Pseudomonas aeruginosa (PaFadL), which has low (20%) sequence identity to E. coli FadL (EcFadL). Despite the modest sequence identity, PaFadL is structurally similar to EcFadL, with the exception of a number of extracellular loops (Fig. 3a, b) . PaFadL has a pronounced lateral opening in the barrel wall at the same location as in EcFadL (Fig. 3a) , indicating that the lateral opening is conserved in FadL family members. The most notable feature of the PaFadL structure is the presence of welldefined density for three complete tetraethylene glycol monooctyl ether (C 8 E 4 ) detergent molecules inside the barrel lumen (Fig. 3c) . The first two detergent molecules (1, 2) are present at positions that are analogous to those occupied by detergent molecules in EcFadL 15 . The third C 8 E 4 molecule (3) is located in the lateral opening, analogous to the LDAO molecule in wild-type FadL (Fig. 1a, b) . The presence of a detergent molecule in the lateral opening indicates that this part of the potential substrate passageway has a substantial affinity for LCFA substrates. This is borne out by the fact that the environment of the detergent molecule in the opening is largely hydrophobic ( Supplementary Fig. 2 ), like the other LCFA-binding sites in FadL 15 . The three detergent molecules in PaFadL clearly delineate a long (,55 Å ) passageway that runs from the extracellular surface all the way to the lateral opening in the barrel wall. Of the ,50 residues that are located within 4.5 Å of the detergent molecules, more than 80% are hydrophobic ( Supplementary Fig. 2 ). Moreover, structural and sequence alignments show that the hydrophobic character of these residues is conserved. The hydrophobic channel is continuous, and is interrupted only by the first three amino-terminal residues of the hatch, most notably Phe 3. Remarkably, a conformational change of the N terminus, as previously observed in EcFadL 15 , would generate an uninterrupted, hydrophobic passageway for substrate diffusion all the way from the extracellular medium to the lateral opening ( Supplementary Fig. 3 ). As in EcFadL (Fig. 1a) , the lateral opening in PaFadL is situated in the region of the polar-apolar interface of the outer leaflet of the outer membrane (Fig. 3c ). This location makes sense, because it probably provides a favourable environment for both the carboxylate head group and the hydrocarbon chain as the LCFA emerges from the FadL lumen. Our observation is in agreement with recent data obtained for multidrug efflux pumps, where a range of hydrophobic substrates was shown to be preferentially localized in the interface region of the lipid bilayer 6 . Despite the structural similarity to EcFadL, PaFadL has very low activity for LCFA transport (Fig. 2) , confirming that FadL channels are substrate specific 17 . To support our lateral diffusion model, we also asked whether the hatch domain of EcFadL is flexible. The hatch NPA sequence (residues 33-35) is absolutely conserved and is a signature of FadL channels. The Asn 33 amide side chain of the NPA sequence forms a hydrogen bond with the Gly 21 backbone carbonyl, bringing distant parts of the hatch together ( Supplementary Fig. 4 ). The removal of this hydrogen bond would seem a good candidate to probe whether the hatch domain can undergo conformational changes. We determined the X-ray crystal structures of the mutants N33A, P34A and DNPA (N33G/P34G/A35G; Supplementary relative to wild type for oleate uptake measured in whole cells at 20 uC. Bars represent the average of at least four independent measurements, and the error bars represent the standard deviation. Growth on palmitate minimal medium plates at 37 uC, ranging from wild-type levels (111) to no growth (2), is indicated above the bars. The hatch mutants N33A and DNPA do not support growth of E. coli on palmitate at 37 uC, because the expression levels of these two mutants are below detection limits at this temperature. The bottom panel shows representative western immunoblots indicating the expression levels of the various proteins in the outer membrane at 20 uC. Tsx is the E. coli outer membrane nucleoside transporter, which is included as an additional negative control. . Consistent with the structural data, all hatch mutants are active in oleate transport (Fig. 2) . The combined structural and biochemical data indicate that the NPA sequence is not directly involved in substrate transport, but it may be important for proper folding or outer membrane targeting of FadL. In addition, it appears that the hatch domain is rigid, providing support for the lateral diffusion transport model. It should also be noted that, although the hatch domain of EcFadL has a number of hydrophobic residues, these are interspersed with many polar residues ( Supplementary Fig. 5 ). Therefore, even if a hatch channel in EcFadL could form by spontaneous conformational changes, it would not provide a suitably hydrophobic conduit for LCFA transport.
We now propose a general, lateral diffusion mechanism for the uptake of hydrophobic substrates by the FadL outer membrane protein family (Fig. 4) . According to this mechanism, hydrophobic substrates diffuse by means of a long hydrophobic passageway laterally into the outer leaflet of the outer membrane, probably by means of a stable, lateral opening in the barrel wall. From the outer leaflet the substrate can move to the inner leaflet of the outer membrane and diffuse into the periplasm. By using this mechanism, the hydrophobic substrates bypass the hydrophilic LPS layer of the outer membrane without having to move through an aqueous channel, which would be energetically unfavourable owing to the extremely low aqueous solubilities of FadL substrates (,0.1 nM for palmitate 19 ). Intriguingly, mediumchain fatty acids do not require FadL for uptake in E. coli 20 . Apparently these relatively water-soluble substrates (.0.5 mM for laurate 19 ) use other outer membrane channels for uptake, probably porins. Recently, crystal structures of Pseudomonas putida TodX and Ralstonia pickettii TbuX were determined, two members of a subfamily of FadL proteins from biodegrading bacteria involved in the uptake of mono-aromatic hydrocarbons 21, 22 . As expected, TodX and TbuX both have a kink in strand S3 as well as a lateral opening at the same position as in FadL 17 , providing additional support for the generality of the lateral diffusion mechanism in FadL proteins. However, TodX and TbuX also have a narrow, continuous channel through the hatch domain that might serve as a classical channel. The TodX/TbuX hatch channel is relatively polar 17 , and may have evolved for the uptake of relatively water-soluble (,1-5 mM) 23 mono-aromatic hydrocarbons in bacteria lacking porins. Future experiments will be required to establish whether the hatch channel in TodX/TbuX contributes to transport.
Structural features resembling the lateral opening of FadL channels have been observed in two other unrelated outer membrane proteins, PagP and OmpW. The lateral opening in the lipid A palmitoyl-transferase PagP may allow access of the lipid substrate to the active site of the enzyme 24 . OmpW belongs to a widespread family of eightstranded b-barrels 25 , with members present in operons dedicated to the degradation of hydrophobic molecules such as naphthalene (NahQ) 26 and alkanes (AlkL) 27 in pseudomonads, indicating that they may form uptake channels for these compounds. Such uptake would have to occur by lateral diffusion, because the eight-stranded barrel lumen is too narrow to form a classical channel 25 . Thus, bacterial substrate uptake by lateral diffusion into the outer membrane may be a widespread phenomenon. Taking into account the known occurrence of lateral diffusion in multidrug transporters, this mode of transport probably represents a universal mechanism for membrane proteins that modify and transport hydrophobic substrates.
METHODS SUMMARY
LCFA functional assays were performed using a modified approach from that described previously 18 . FadL mutant proteins were overexpressed and purified from E. coli C43 (DE3) as described for the wild-type protein 15 . Crystals were 15 ; b, diffusion of the substrate into an adjacent high-affinity binding site H (blue) 15 ; c, spontaneous conformational changes in the N terminus (purple) result in substrate release and create a continuous passageway to the barrel wall opening formed by the kink in strand S3. The substrate diffuses laterally through the opening into the outer membrane (OM). The polar part of the LPS, constituting the principal barrier in the transport process, is shown in grey. The extracellular milieu (E) is at the top and the periplasm (P) is at the bottom.
accession code 1T16) in which the hatch domain and the kink were deleted. PaFadL was overexpressed in native form in E. coli C43 (DE3), and purified as EcFadL. The PaFadL crystal structure was determined by the multiple isomorphous replacement with anomalous scattering (MIRAS) method, using a gold and osmium derivative obtained by the quick soaking method 28 .
METHODS
FadL mutagenesis. The E. coli fadL gene, including the signal sequence and a carboxy-terminal hexahistidine tag, was cloned as previously described 15 into the pBAD22 vector, which is under the control of the arabinose-inducible promoter 29 . Mutations were introduced into the fadL gene by using the QuikChange Site-directed Mutagenesis kit (Stratagene), and the mutations were verified by nucleotide sequencing. LCFA functional analyses. For the functional analyses, E. coli LS6164 DfadR DfadL 30 was transformed with the pBAD22 plasmids carrying the mutant fadL genes and FadL homologues. As a negative control, the pBAD22 plasmid carrying the outer membrane nucleoside transporter Tsx 31 was introduced into E. coli LS6164. The ability of the mutant proteins to support growth on LCFAs was measured by plating cells (5 3 10 6 colony-forming units per ml) on agar plates containing 5 mM sodium palmitate (Sigma), 0.5% (w/v) Brij 58, M9 minimal medium, and 1.5% (w/v) Noble agar (Difco). Growth was scored after 96-h incubation at 37 uC.
Transport assays with radiolabelled oleic acid were performed with modifications to the method described previously 18 . E. coli LS6164 DfadR DfadL cells with the FadL mutant and pBAD22 plasmids were grown in Luria Bertani medium to mid-log phase, and FadL expression was induced with 0.01% (w/v) arabinose at 20 uC for 5 h. Cells were collected, washed in EB1 buffer (10 mM citric acid, 0.8 mM magnesium sulphate, 20 mM sodium ammonium phosphate, 60 mM potassium phosphate, 0.02 mM thiamine), and resuspended to a D 600 of 1 in EB1 buffer with 0.5% (w/v) Brij 58. After 30 min starvation at 37 uC, samples were taken for western immunoblotting analysis and also for measurement of oleic acid transport activity. The transport assay was performed by diluting the cells in EB1 buffer containing 20 mM glucose, 0.5% (w/v) Brij 58, and 0.02 mCi [ 3 H-9,10]-oleic acid (Sigma, specific activity 30.0-50.5 mCi mmol 21 ). At 25 min, samples were removed and filtered through 0.45-mm membrane filters (Metricel GN-6, Pall Life Sciences). Filters were washed with EB1 buffer containing 0.5% Brij 58, and the radioactivity retained on the filters was counted. Counts for the cells expressing the FadL protein were corrected for the background radioactivity associated with cells containing an empty pBAD22 plasmid. To determine the amount of FadL protein expressed in the outer membrane, cells were incubated with BugBuster (Pierce) while shaking for 30 min at 37 uC, and centrifuged for 10 min at 20,000g. Proteins were detected by western immunoblotting using the Penta-His-horseradish peroxidase conjugate antibody (Qiagen) and the ECL chemiluminescence detection kit (GE Healthcare). Proteins were quantified against FadL standards using the ImageJ program 32 . The transport activities of the cells expressing mutant FadL proteins were corrected for FadL expression levels, and the rates were expressed as a percentage of wild type. Purification, crystallization and structure determination of FadL mutants. For crystallization, the FadL mutant proteins were expressed from the pBAD22 plasmids in E. coli C43 (DE3) cells 33 grown in 23 YT medium by induction with 0.2% (w/v) arabinose for 6 h at 30 uC. Cells were collected, and the proteins were purified from the total membrane fraction as previously described for wild-type FadL 15 by Ni affinity chromatography in LDAO, gel filtration chromatography in LDAO (Anatrace), and a final gel filtration chromatography step in C 8 E 4 (Sigma). The purified proteins were concentrated to 5-10 mg ml 21 and flashfrozen in liquid nitrogen.
Crystals were obtained by the hanging-drop method at 22 uC using commercially available screens (The Classics and MB Class II, Qiagen) or in-house screens. Diffraction data were obtained on beamline X6A at the National Synchrotron Light Source (Brookhaven National Laboratory). Data sets were integrated and scaled using HKL2000 (ref. 34) . The structures of the mutant proteins were solved by molecular replacement using Phaser 35 ; the monoclinic FadL structure (PDB accession number 1T16) without the N-terminal 40 amino acids and the S3 kink residues 99-108 was used as the search model. Model building was done using COOT 36 , and refinement was done with CNS 37 . Data collection and refinement statistics for the mutant FadL proteins are summarized in Supplementary  Table 1 . Cloning of PaFadL. The signal sequence cleavage site for PaFadL was predicted to occur between residues 20 and 21 using the SignalP program 38 . For expression and outer membrane localization of PaFadL, the mature gene (lacking the endogenous signal sequences and the first two residues, and additionally modified with a C-terminal hexahistidine tag) was amplified by PCR from P. aeruginosa PAO1 (ATCC 47085) genomic DNA. The mature gene fragment was cloned inframe with the E. coli FadL signal sequence (plus the first two residues of the mature FadL sequence) into the pBAD22 vector 29 . Purification, crystallization and structure determination of PaFadL. PaFadL was expressed in E. coli C43 (DE3) cells 33 and purified using the detergents LDAO and C 8 E 4 as described for E. coli FadL 15 . Crystallization trials of PaFadL were set up using the hanging-drop technique with commercially available crystallization screens (The Classics and MB Class II screens, Qiagen). Crystals for the PaFadL were obtained at 22 uC in 0.1 M lithium sulphate, 0.1 M MES buffer (pH 6.5), and 28-32% (w/v) PEG 400. The crystals typically appeared after 10 days and grew to their full size (,15 3 30 3 100 mm) in 3-4 weeks. They belonged to space group C222 1 , diffracted to a resolution of 2.1 Å , and contained one molecule in the asymmetric unit (Matthews coefficient V M , 4.2 Å 3 Da
21
, corresponding to ,55% (v/v) solvent content 39 ). The crystals were flash frozen (100 K) directly from the drop by plunging in liquid nitrogen.
A native data set was collected, as well as data sets for crystals that were soaked for ,40 min in 10 mM OsCl 3 or KAuCl 4 . The data sets were processed using HKL2000 (ref. 34) , showing that the osmium and gold crystals were isomorphous with the native crystals (Supplementary Table 2 ). Two osmium and two gold sites were found by multiple isomorphous replacement in SOLVE (Z-score 10.2; FOM 0.39 for data between 20 Å and 2.5 Å ) 40 . Five additional gold and three osmium sites were found in isomorphous/anomalous difference maps and refined using SHARP 41 . Electron density maps obtained from SHARP were used for automatic model building in RESOLVE 40 , which resulted in ,60% of the model being built. Further model building was done manually in COOT 36 , followed by refinement in CNS 1.2 (ref. 37) . Data collection and refinement statistics for PaFadL are summarized in Supplementary Table 2. 
